Background: Recent data suggest that intensity-modulated radiation therapy (IMRT) plus brachytherapy boost for unfavorable prostate cancer provides improved biochemical relapse-free survival over IMRT alone. Stereotactic body radiation therapy (SBRT) may be a less invasive alternative to brachytherapy boost. Here, we report the 3-year gastrointestinal (GI) and genitourinary (GU) toxicities of IMRT plus SBRT boost.
Materials and methods:
Between March 2008 and September 2012, patients with prostate cancer were treated with robotic SBRT (19.5 Gy in three fractions) followed by fiducial-guided IMRT (45-50.4 Gy) on an institutional protocol. Toxicity was prospectively graded using the common terminology criteria for adverse events version 4.0 (CTCAEv. 4) at the start of and at 1-to 6-month intervals after therapy. Rectal telangiectasias were graded using the Vienna Rectoscopy Score (VRS).
results: At a median follow-up of 4.2 years (2.4-7.5), 108 patients (4 low-, 45 intermediate-, and 59 high-risk) with a median age of 74 years (55-92) were treated with SBRT plus IMRT, with 8% on anticoagulation and an additional 48% on antiplatelet therapy at the start of therapy. The cumulative incidence of late ≥grade 2 GI toxicity was 12%. Of these, 7% were due to late rectal bleeding, with six patients requiring up to two coagulation procedures. One patient with rectal telangiectasias was treated with Abbreviations: 3D-CRT, 3D-conformal radiation therapy; ADT, androgen deprivation therapy; APC, argon plasma coagulation; CCI, Charlson comorbidity index; CTC, common terminology criteria; CTCAEv.4, common terminology criteria for adverse events version 4.0; CTV, clinical target volume; DVH, dose-volume histogram; ECE, extracapsular extension; EBRT, external beam radiation therapy; EPIC-26, expanded prostate cancer index composite-26; GI, gastrointestinal; GU, genitourinary; HBO, hyperbaric oxygen; HDR, high dose rate; IGRT, image-guided radiation therapy; IMRT, intensity-modulated radiation therapy; LDR, low dose rate; MRI, magnetic resonance imaging; NCI, National Cancer Institute; NPO, Non-Per Os; OAR, organs at risk; PSA, prostate-specific antigen; PTV, planning target volume; QOL, quality of life; RTOG, Radiation Therapy Oncology Group; SBRT, stereotactic body radiation therapy; SIB, simultaneous integrated boost; TURP, transurethral resection of the prostate; VMAT, volumetric arc therapy; VRS, Vienna Rectoscopy Score. Prostate Cancer SBRT Boost Toxicity Frontiers in Oncology | www.frontiersin.org
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inTrODUcTiOn Prostate cancer is the most common malignancy in men in the United States, with an estimated 220,800 men diagnosed in 2015 (1). Of these patients, approximately 15% present with high-risk disease (2) . Radiotherapy is the mainstay for treatment of such patients, and several randomized prospective trials have demonstrated that dose-escalated radiotherapy results in improved biochemical-free survival (3) (4) (5) . Further improvements have also been achieved with the advent of image-guided radiation therapy (IGRT) (6) and low dose rate (LDR) brachytherapy boost (7, 8) .
Recent clinical data have demonstrated that large radiation fraction sizes likely confer a radiobiologic advantage in the setting of prostate adenocarcinoma (9), thus providing the rationale for high dose rate (HDR) brachytherapy as a boost to external beam radiation therapy (EBRT) for intermediate-and high-risk patients. Several institutional series have reported favorable outcomes, with biochemical control rates of 87-88 and 69% at 5-7 years for intermediate-and high-risk disease, respectively (10-13). These results have subsequently been confirmed in randomized trials (14, 15) . Not surprisingly, such cancer control outcomes present with an increased risk of clinically significant long-term genitourinary (GU) toxicities such as urethral stricture (16) (17) (18) .
In an effort to maximize the benefit of administering high doses per fraction and patient acceptance, we have examined the use of stereotactic body radiation therapy (SBRT) as a prostatic boost to image-guided intensity-modulated radiation therapy (IMRT) for the treatment of patients with unfavorable clinically localized prostate cancer. Previously, we reported early outcomes of this treatment modality, with a 3-year biochemical-free survival rate of 100% for intermediate-risk and 89.8% for high-risk disease (19) . Similarly, we reported that such a therapy conferred minimal impact on long-term quality of life (QOL) (19) . Several other studies have supported our early results (20) (21) (22) (23) . Here, we report the 3-year gastrointestinal (GI) and GU toxicity from this therapy.
MaTerials anD MeThODs

Patient selection
Patients with histologically confirmed adenocarcinoma of the prostate were included in the study. Exclusion criteria included clinically involved lymph nodes, bone metastases, or prior pelvic radiotherapy. Androgen deprivation therapy (ADT) was considered for all intermediate-and high-risk patients and ultimately was administered at the discretion of the treating physicians. The MedStar Health Research Institute-Georgetown University Oncology Institutional Review Board approved this study. This research study was carried out under a continuing review approved by this Institutional Review Board (IRB#2009-510). Continuing review is in accordance with institutional guidelines and was approved though expedited review by the IRB Chair or designee on 1/8/2016. The informed consent requirement was waived by the Committee that approved the study, and all data used in this study were anonymized.
sBrT Treatment Planning and Delivery
All patients had four or more gold fiducials placed in the prostate prior to treatment planning. To allow for fiducial stabilization, planning images were obtained a minimum of 7 days after fiducial placement. Patients underwent magnetic resonance imaging (MRI) followed shortly thereafter by a thin cut (1.25 mm) CT scan. For the few patients with contraindications to MRI, CT-urethrogram was employed as an alternative imaging approach to identify the location of the prostatic apex (24) . Both scans were performed with an empty bladder. Patients were advised to adhere to a low-gas, low-motility diet starting at least 5 days prior to all treatment planning imaging and treatment delivery. They were also instructed to remain nothing by mouth (Non-Per Os) for at least 4 hours prior to imaging as well as SBRT treatment. An enema was administered 1-2 hours prior to imaging and SBRT treatment.
CT and MR images were fused for treatment planning. The clinical target volume (CTV) included the prostate, areas of radiographic extracapsular extension (ECE), and the proximal seminal vesicles to the point of separation. Pelvic lymph nodes were not included in the CTV. The SBRT planning target volume 1 (PTV1) equaled the CTV expanded 3 mm posteriorly and 5 mm in all other dimensions. The prescription dose was 19.5 Gy to the PTV1 delivered in three fractions of 6.5 Gy over 3-5 days. The prescription isodose line was limited to ≥75%, which limited the maximum prostatic urethra dose to 133% of the prescription dose. The rectum, bladder, penile bulb, and membranous urethra were contoured and evaluated with dosevolume histogram (DVH) analysis during treatment planning hyperbaric oxygen (grade 3 toxicity). No rectal fistulas or stenoses were observed. Ten patients had multiple non-confluent telangiectasias (VRS grade 2), and three patients had multiple confluent telangiectasias (VRS grade 3). The cumulative incidence of late grade 3 GU toxicity was 6%. Most late toxicities were due to hematuria requiring bladder fulguration. There were no late ≥grade 4 GU toxicities. using Multiplan (Accuray Inc., Sunnyvale, CA, USA) inverse treatment planning. Less than 1 cc of the rectum and less than 10 cc of the bladder were to receive 19.5 Gy. Less than 50% of the membranous urethra was to receive 18 Gy. Further details on dose and volume constraints to the critical structures have been previously described (19, 25) .
intensity-Modulated radiation Therapy
Patients initiated IMRT treatment the week following SBRT. The more generous planning target volume 2 (PTV2) included a margin of 1.0 cm around the CTV except at the rectal interface where a margin of 0.5 cm was added. Daily doses of 1.8 Gy were delivered to the PTV2 5 days a week to a total dose of 45-50.4 Gy in 25-28 fractions. One-hundred percent of the PTV2 was to receive at least 95% of the prescription dose, and 5% of the volume was to receive no more than 105% of the prescription dose. For the bladder and rectum, the maximum dose constraint limit was 50 Gy, the full-volume dose constraint limit was 30 Gy, and no part of either volume received more than 55.5 Gy. Dose to the femoral heads was limited to 45 Gy.
linear-Quadratic Transformation of a sample combined Physical iMrT Plus sBrT Boost DVh to a radiobiologically equivalent DVh
A radiobiologically equivalent dose DVH was generated by adding doses in 2 Gy equivalents for IMRT and SBRT plans from a sample patient (26) . Cumulative DVHs were extracted from the treatment planning software and converted to radiobiologically equivalent DVHs using MIM software (MIMvista Corporation, Cleveland, OH, USA). An α/β ratio of 1.5 was utilized to transform target volume doses (CTV and PTV), and an α/β ratio of 3 was used to transform doses for all other organs at risk. Combination of radiobiologically equivalent DVH for an example patient is shown in Figure 1 .
Follow-up and Toxicity assessment
Patients were assessed at the start of and at 1 month after therapy, every 3 months for the first year, and every 6 months thereafter. The utilization of alpha-antagonists, oral corticosteroids, anticoagulation or antiplatelet therapy, and anti-diarrheal therapy was documented at each visit. GI and GU toxicities were prospectively documented at follow-up visits using the National Cancer Institute Common Terminology Criteria (CTC) version 4.0 as previously described (27) . Specifically, acute toxicity was defined as occurring up to the first 6 months after therapy, and late toxicity was defined as occurring at 6 months or thereafter. Grade 1 rectal bleeding was defined as transient and not requiring medications for symptomatic management. Grade 2 rectal bleeding represented bleeding which required a new medication (i.e., steroid suppository) or up to two argon plasma coagulations (APCs). More than two APC procedures, a blood transfusion, or use of hyperbaric oxygen (HBO) was defined as grade 3 rectal bleeding. Grade 1 diarrhea was defined as transient diarrhea not requiring medical management. Grade 2 diarrhea was defined as increased stool frequency requiring management with anti-diarrheal medication. The development of rectal strictures or fistulas was defined as grade 4 GI toxicity. Furthermore, because all patients were treated on an institutional protocol, all rectal bleeding events were assessed by endoscopy. Radiation-induced rectal telangiectasias were graded using the Vienna Rectoscopy Score (VRS), with grade 1 defined as a single telangiectasia, grade 2 as multiple non-confluent telangiectasias, and grade 3 as multiple confluent telangiectasias (28) . For GU toxicities, a transient toxicity requiring no new medications for symptomatic management was considered grade 1. The use of a new medication or an increase in the dosage of an already-used medication for symptomatic management was considered grade 2. Grade 3 hematuria, urethral stricture, and urinary retention were defined as requiring an outpatient procedure such as fulguration, urethral dilation, or transurethral resection of the prostate (TURP), respectively. Any toxicity requiring initiation of more invasive therapy was defined as grade 4.
statistical analysis
Logistic regression analysis was performed to identify patient characteristics associated with an increased risk of late ≥grade 2 GI toxicity, late ≥grade 2 rectal bleeding, and late grade 3 GU toxicity. Statistical analysis was performed using MedCalc software (Ostend, Belgium). Table 1 . The median age was 74 years (range 55-91). Similar numbers of Caucasians (47%) and African-Americans (42%) were treated. Patients were generally healthy, with a Charlson comorbidity index of 0-1 in 75%. Eight percent were on anticoagulation therapy, and an additional 48% were on antiplatelet therapy at the start of radiation therapy. The median pre-treatment prostate-specific antigen was 9.1 ng/ ml (range 0.86-39.8 ng/ml). By D' Amico classification, 4% were diagnosed with low-, 42% with intermediate-, and 55% with high-risk disease. Seventy-eight percent of patients were treated with an IMRT dose of 45 Gy in 25 fractions. Sixty-three percent received ADT for a median of 6 months (range 3-36 months).
The prevalence of GI and GU toxicities following treatment are shown in Tables 2 and 3. The majority of toxicities were observed at one specific follow-up appointment and resolved on subsequent follow-ups. The most common acute grade 2 GI toxicity was diarrhea, with a peak in 7% of patients at 1 month ( Table 2 ). There were no acute ≥grade 2 rectal bleeding events. The cumulative rate of late ≥grade 2 GI toxicity was 12% (Figure 2) , 7% of which was due to rectal bleeding and 5% due to diarrhea. Rectal bleeding occurred most commonly at 12 months following radiation therapy. Of the seven patients who developed ≥grade 2 bleeding, one was on both anticoagulation and antiplatelet therapy, three on antiplatelet therapy only, and three on neither therapy. Six of these patients were assigned as grade 2 bleeding for requiring one or two coagulation procedures, and one was assigned as grade 3 for undergoing HBO. Further details for patients who developed rectal bleeding are shown in Table 4 . Of note, logistic regression analysis identified no patient characteristics associated with an increased risk of late ≥grade 2 GI toxicity or late ≥grade 2 rectal bleeding, including use of anticoagulation or antiplatelet therapy (data not shown).
A total of 42 patients underwent a colonoscopy during the follow-up period either to assess the etiology of rectal bleeding or for routine cancer screening. Radiation-induced telangiectasias were noted in 16 cases and were graded as VRS grade 1 in 3 patients, grade 2 in 10 patients, and grade 3 in 3 patients. One patient was noted to have an incidental grade 1 ulcer, which spontaneously resolved on subsequent colonoscopy. Importantly, no rectal strictures or fistulas (grade 4 toxicity) were noted.
The most common acute grade 2 GU toxicity was urinary retention relieved by medical management, peaking at 1 month ( Table 3) . One patient with acute urinary retention underwent a TURP and was classified as grade 3. There were no ≥grade 2 hematuria events acutely. The cumulative rate of late ≥grade 2 GU toxicity was 40%. The majority of these toxicities were due to obstructive or irritative symptoms requiring medical management with alpha-antagonists and/or anti-muscarinics. In fact, the cumulative rate of late ≥grade 3 GU toxicity was much lower at 6% (Figure 3) , 4% due to hematuria and 2% due to retention. The most common areas of radiation cystitis noted on cystoscopy were the bladder neck, trigone, or lateral walls. Of the four patients who experienced bleeding, two were on antiplatelet therapy and none were on anticoagulation therapy. One of these patients with recurrent bleeding secondary to vigorous physical activity also elected to proceed with HBO. Details for patients with hematuria are provided in Table 5 . Of the two patients who underwent a TURP for late urinary retention, one had a long history of benign prostatic hypertrophy and prostatitis with two prior TURP procedures. This patient also elected to undergo HBO. No patient developed a urethral stricture or any grade 4 or 5 GU toxicity. Logistic regression also identified no patient characteristics associated with an increased risk of late grade 3 GU toxicity.
DiscUssiOn
This study aimed to assess the safety of performing IMRT with SBRT boost for unfavorable clinically localized prostate cancer. SBRT boost was chosen for this study due to the potential radiobiologic benefits of hypofractionation (29) as well as the ease of the treatment modality, especially for the elderly prostate cancer patient population. Intensity-modulated radiation therapy plus SBRT boost was generally well tolerated with minimal acute toxicity (Tables 2 and  3) . Cumulative late ≥grade 2 and ≥grade 3 GU toxicities were observed in 40 and 6% of patients, respectively. It should be noted that the seemingly high rate of grade 2 GU toxicity was due to use of alpha-antagonists or corticosteroids for transient irritative or obstructive symptoms. In fact, the prevalence of any grade 2 GU toxicity was 10-16% after the 3-month time period (Table 3) . It is encouraging that only 4% of patients developed hematuria requiring fulguration, and only 2% developed retention requiring a TURP. In comparison, published brachytherapy boost studies have reported late GU toxicity rates of 8-31% (≥grade 2) and 3-18% (≥grade 3) ( Table 6 ) (14) (15) (16) 30) . Importantly, the ASCENDE-RT trial reported a cumulative late ≥grade 3 GU toxicity rate of 18% at 6 years for patients undergoing a LDR boost, most commonly due to urethral strictures, urinary retention, or incontinence (30) . Our 6% cumulative rate of clinically significant late GU toxicity is lower than that reported in this trial, though longer follow-up will be necessary to confirm our results. Other institutions using the SBRT boost technique have reported a 0-2.3% rate of late ≥grade 3 GU toxicities, which are comparable to our results reported here (20) (21) (22) (23) . Our study reported overall modest rates of GI toxicity, with a 12% cumulative incidence of late ≥grade 2 GI toxicity, 7% late ≥grade 2 rectal bleeding, and 1% late grade 3 bleeding. In comparison, we have previously reported a 1.5% rate of late ≥grade 2 rectal bleeding with SBRT alone (34) . Other studies have reported a somewhat lower 1-3% rate of late ≥grade 2 rectal bleeding with brachytherapy boost (16, 30) . Moreover, 16 (15%) of our patients were noted to have telangiectasias, 3 of which were multiple confluent telangiectasias (VRS grade 3). No VRS grade 3 telangiectasias were previously noted with SBRT alone (34) .
Despite overall higher rates of GI and GU toxicity compared to SBRT alone, a sample DVH of the combined SBRT and IMRT plans for one patient (Figure 1) demonstrates that the bladder volume receiving 55 and 70 Gy and the rectal volumes receiving 50 and 70 Gy in 2 Gy equivalents are well below the Radiation Therapy Oncology Group recommendations (35) . This suggests that the wide IMRT margins and the resulting near-maximal dose at the bladder neck and anterior rectal wall likely contribute to bleeding events, and future dosimetric studies will need to define the appropriate dose-constraints for patients treated with this approach.
Previously, we reported that IMRT with SBRT boost resulted in minimal impact on long-term bowel QOL (19) , a finding which is seemingly discordant with late toxicity results shown here. A similar phenomenon has been seen following IMRT monotherapy (31, 36) . Several explanations are possible. For example, the most common toxicities-rectal bleeding, hematuria, and urinary obstruction-were transient and resolved by the following time point (37) . Also, bleeding likely renders a less bothersome impact on QOL than frequency and urgency (38) . Lastly, effects on QOL are reported as temporal changes in mean scores derived from the expanded prostate cancer index composite-26 questionnaire while the CTCAE toxicity scoring system focuses on individual uncommon events (39) .
Analysis of such uncommon events is still necessary, since telangiectasias or ulcers may be a precursor lesion for a fistula. While a small percentage of telangiectasias progress to fistulas and often do so after multiple invasive procedures (40, 41) , such a late toxicity can nonetheless be devastating for a patient. Thus, it is encouraging that only three of our patients required two APC procedures, with no reportable fistulas to date. Though fistulas most often develop within the first 3 years (40), longer follow-up is still necessary to detect a potential late occurrence.
What is the minimum follow-up time to assess late toxicity after prostate SBRT such that clinically meaningful events are captured fully without undue delay in reporting these important outcomes? For the majority of patients, rectal bleeding occurred at the 1-to 1.5-year time point and resolved after one to two APC procedures, suggesting that a 3-year median follow-up likely captures most rectal bleeding events. However, hematuria occurred starting at 18 months post-treatment and continued to present as late as 36 months, emphasizing the necessity of long-term followup for such patients. While no fistulas or strictures of the urethra have been observed, longer follow-up may be necessary to reveal such toxicity as well.
Our encouraging rates of GI and GU toxicity are consistent with results from other institutions using this modality (20) (21) (22) (23) , though minor differences in technique do exist. For instance, the three largest published series included pelvic lymph nodes in the external beam radiotherapy portion (20) (21) (22) (23) (44) . However, surgical pathology studies report a median ECE of 0.5-2.4 mm and a 4-5 mm margin necessary to cover ≥90% of the ECE (45) (46) (47) (48) . Our treatment planning studies have furthermore demonstrated potential under-dosing of the posterior prostate without adequate PTV margin (49) . Thus, the appropriate planning technique remains an ongoing debate, and long-term outcomes will identify the optimal combinatorial approach as well as target volume.
One approach to maintaining adequate posterior margins while reducing the risk of rectal bleeding is to place a tissue equivalent spacer in the perirectal space prior to treatment. This approach can increase percent target coverage of the PTV while simultaneously reducing the rectal volume receiving near-maximal dose (50) . In fact, a recent prospective trial demonstrated a statistically significant reduction in late rectal toxicity from 7 to 2% with the use of rectal spacers in the setting of IMRT (32) . An improvement in long-term bowel and 6-month urinary QOL decline was also shown with the use of spacers (32) . At our institution, we have recently initiated rectal spacer use for high-risk patients receiving IMRT with SBRT boost for a potential reduction in late rectal bleeding. If rectal spacers effectively prevent rectal bleeding in all patients, 14 patients would require spacer placement to prevent one cauterization event for bleeding, assuming a 7% bleeding rate. While the impact on QOL would undoubtedly be positive, the cost-effectiveness of this therapy remains a matter of debate (51) .
cOnclUsiOn Fiducial-guided IMRT with SBRT boost is a promising new treatment option for men with unfavorable prostate cancer. Early results suggest encouraging biochemical response, minimal impact on long-term QOL, and low toxicity. These data provide a basis for the design of a phase III clinical trial.
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